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Abstract 
Hydrodynamic conditions play an important role in formation and disappearance of spring algal blooms 
in the Xiangxi Bay (XXB), a typical tributary water body of the Three Georges Reservoir. As it is 
difficult to obtain sufficient hydrodynamic information through expensive field monitoring, in this paper, 
a three-dimensional hydrodynamic model is developed to simulate the flow field of XXB in spring. In 
order to study the influence of thermal density flow on the hydrodynamics of this tributary, two typical 
scenarios for the spring of 2005 are considered here: with and without the temperature sources. Our 
modeling results show that the flow around the mouth of XXB is mainly controlled by the mainstream of 
the Yangtze River, and: if the temperature effect is considered, the computed maximum influence range 
of the Yangtze River can reach up to about 12 km upstream from the mouth of XXB. However, if the 
temperature effect is ignored, the influence range is only about 1 km. In reality, due to the vertical 
temperature difference, the stratified flow is formed and the mainstream flow can reach up to 12 km 
upstream from the mouth. The modeled results show that, the flow of Yangtze River enters into XXB in 
the upper layer, while the water of XXB flows out through the bottom layer. A huge vertical circulation 
was formed in the XXB, which enhances the exchange capacity between the Yangtze River and the XXB. 
The field survey also found that. It is included that the water temperature must be included in 
hydrodynamic numerical simulation for XXB in spring. The study is a useful supplement to field survey, 
and can provide technical support for eutrophication control in other tributary of Three Gorges Reservoir. 
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Introduction 
The Three Gorges Reservoir (TGR) has become a channel type reservoir from a natural river since the 
huge project was impounded in June 2003. In general, with the increase of depth, water flows more gently, 
often resulting in the decrease of carrying capacity near the banks and the enrichment of nutrients (i.e., 
eutrophication). Currently, there are 12 branches monitored routinely, and they are found to be 
undergoing considerable eutrophication with algal blooms; among them, Xiangxi Bay (XXB) has been 
regarded as the most representative one, due to its frequent algae blooms observed. XXB is the largest 
tributary of TGR in Hubei Province and close to the Three Gorges Dam, whose mouth is located 34.5 km 
upstream from the dam. After the impoundment of TGR, the algal blooms occurred in this bay almost 
every year, which has already attracted worldwide attention[1]. For the safety, efficiency, ecosystem 
healthy, and sustainable development of the Three Gorges Project, some necessary control measures for 
eutrophication should be considered and implemented for XXB area as soon as possible.  
Domestic scholars have carried out a great deal of research work aiming at the eutrophication problem 
in XXB[2]. Most studies prove that the microscopic algae could grow rapidly in XXB under favorable 
environmental conditions: abundant nutrients, appropriate light and temperature, and weak hydrodynamic 
flow. Some studies believe that the hydrodynamic field is the most important factor controlling the algal 
blooms in XXB[3]. Generally speaking, after the impoundment, hydrodynamics of this reservoir changes 
greatly, especially in the branch estuary areas, and compared with that before the dam was constructed, 
the flow in this bay becomes very weak (1-10 mm/s), leading to a longer residence time, sediment 
depositing, water turbidity decreasing, etc., which are all helpful for the rapid growth of phytoplankton[4].  
On the other hand, compared with a natural river or a lake, a tributary in a channel type reservoir has 
more complex hydrodynamic conditions, especially at the estuary area. Previous monitoring in XXB 
shows that, besides the influence by water level, discharge of the Yangtze River and the upstream of XXB, 
the thermal density flow at the mouth has a significant influence on the hydrodynamic field near XXB 
estuary[5]. Therefore, there is a definite need to study the influence of temperature on the hydrodynamics 
of XXB. 
The goal of this study is to make clear whether the temperature effect must be considered in the study 
of hydrodynamic field in tributary of reservoirs such as XXB. It is difficult to obtain sufficient 
hydrodynamic information through expensive long-term or real-time observations at a few stations. 
However, numerical models may provide a cost-effective method for evaluating hydrodynamic 
characteristics and relevant external impacts, because they require limited data and may be used to assess 
a range of alternatives. In this paper, a numerical study was carry out to compare and analyze the 
influence of thermal density flow on the hydrodynamic interaction at the mouth of XXB in spring. Two 
typical scenarios are considered here: with or without the temperature sources. 
3D hydrodynamic model 
In recent years, numerical models are widely used since the complexities of the hydrodynamic processes 
in a reservoir necessitate the use of numerical modeling approaches that provide accurate description of 
mixing within a water body. Numerical models can simulate different scenarios and cost less when 
compared to physical models. For these reasons, a numerical model was utilized in this study to describe 
the hydrodynamic processes in XXB. The DELFT3D was selected for this purpose. DELFT3D is a 
widely used and tested numerical model developed by Roelvink[6] that can simulate flow processes in all 
three dimensions in rivers, lakes, reservoirs, estuaries, wetlands and coastal regions fully time varying 
including density variation. As the flow in XXB has a complex three-dimensional motion after TGR’s 
impounding, a three-dimensional hydrodynamic model is established to simulate the flow characteristics 
1639 Jiang Dingguo et al. /  Procedia Environmental Sciences  10 ( 2011 )  1637 – 1645 
in XXB. And ǂ̣ǂ turbulence closure model is adopted. The detail about the model could be found in 
relevant literatures [7]. 
Numerical simulation for hydrodynamic field 
Study Area and Mesh Generation. Here we consider a representative water-impoundment period during 
which the spring blooms often occurred: from February 22 to April 28, 2005. Considering the 
geographical features and the distribution of sampling sites (Fig. 1), the computational domain is from 
Gaoyang Town upstream to XXH’s mouth, around 32 km long. Besides, due to the strong interaction 
with the mainstream of Yangtze River, a section of about 9 km of the Yangtze River is also modeled.  
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The computational domain has a grid system of 867 (along flow direction)× 28 (in cross-section 
direction) in XXB section, and 359 (along flow direction) × 13 (in cross-section direction) in the Yangtze 
River section(fig 2). For the XXB part, the grid sizes along the flow direction range from 58m to 15.5m, 
and the grid sizes in the cross-section direction range from 53m to 9.8m. For the Yangtze River part, the 
grid sizes along the flow direction range from 60m to 20m, and from 70 m to 38 m in the cross-section 
direction. Ten layers evenly distributed in the vertical direction.  
 
Fig. 1  Geographical location graph of XXH 
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Fig. 2 Schematic diagram of computing grid 
 
Initial and boundary conditions. In this paper, the initial conditions are given by “cold start” with the 
velocity = 0 at t = 0. Initially, the water level of TGR is used for the whole domain.  
 
As for the upper boundary of the Yangtze River, the actual total discharge of Yangtze is adopted, and 
the lower boundary of the Yangtze River adopts the observed water levels as the boundary condition (see 
Fig.). Similarly, the actual flow boundary is considered for the upper XXH and its sub-tributary Gaolan 
River(GLR) (see Fig.). 
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When considering the temperature effect, inflow temperature of XXB and Yangtze River (see Fig.5) 
and the heat exchange at the air-water interface are added to the above-mentioned boundary conditions. 
The Murakami model is used for the heat exchange at air-water interface[8]. However, heat exchange 
between riverbed and water is ignored here. 
Numerical Schemes for Governing Equations. In this paper, a finite difference scheme is adopted to 
discrete the governing equations. For horizontal plane, the orthogonal curvilinear grids are applied to 
discrete the computational domain. The Alternating Direction Implicit (ADI) method is used to solve the 
governing equations, based on the staggered grid method is used -- i.e., not all variables are defined at the 
same location in the grid. The process and detailed technology of its numerical simulation can be found in 
relevant literature . 
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Fig.5 Water temperature of Yangtze River and XXB 
 
Results and analysis  
To confirm the backwater range for XXB under the condition of steady flow, here we firstly set the water 
level of TGR as 138.2 m (i.e., the water levels of TGR in the spring of 2005), and then adopt the mean 
discharges of Yangtze River and XXB at the boundaries. Further, to confirm the influence range and 
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degree of temperature effect on the hydrodynamics XXB, the boundary conditions mentioned in Section 
3.3 are used to simulate unsteady flow.  
Fig.6 gives the water level results for steady flow simulation. It is shown that when the water level of 
TGR is 138.2m, the backwater can affect the Xiakou Town that is around 25 km away from the XXB 
mouth. The upstream part of this site, however, is still a natural river. Therefore, this paper places special 
emphasis on analyzing the backwater section within 25 km. 
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Fig.6 Water level of XXB with water level of TGR 138.2m 
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Fig.7  Distribution curve of surface velocity of XXB 
(2005/3/11) 
Fig.8  Distribution curve of mid-layer velocity 
of XXB (2005/3/11) 
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Fig.9  Distribution curve of bottom velocity of XXB 
(2005/3/11) 
Fig.10  Distribution curve of surface velocity 
of XXB (2005/4/12) 
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Fig.2  Distribution curve of mid-layer velocity of XXB 
(2005/4/12) 
Fig.3  Distribution curve of bottom velocity of 
XXB (2005/4/12) 
According to the above-mentioned boundary conditions, the water level of TGR is 138.29 m on 
March 11, with a daily decrease of 0.14 m. On April 12, both Yangtze River inflow and XXB inflow are 
quite great, with a daily increase of 0.32 m of water level. Therefore, two scenarios for March 11 and 
April 12 are designed in terms of water level fluctuation trends. Fig.7-Fig.12 show the velocity 
distribution curves for the two typical scenarios, including the lateral averaged velocities in the surface, 
middle and bottom layers. See from the figures, in the spring of 2005, when not considering the 
temperature effect, the influence range of the Yangtze River on the XXB is basically about 1 km. 
However, when considering the temperature effect, the influence range of the Yangtze River on XXB can 
reach about 12 km from the mouth. For such scenario, the river reach from the mouth to 7 km are 
influenced by the Yangtze River at any time, while the river reach 7-12 km from the mouth are sometimes 
influenced by the Yangtze River.  
Fig.13 shows the counter map of laterally averaged velocity magnitude in XXB with the temperature 
effect on March 11. It is obvious that the flow enters from the Yangtze River into the XXB in the mid and 
upper layers through the mouth, while in the bottom layer the water of XXB flow out the mouth – i.e., 
forming the stratified flow. The computing results of hydrodynamic field with the temperature effect are 
in accord with the field observations. It is concluded that, when simulating hydrodynamic field of XXB in 
spring, the temperature effect need to be considered. 
Along with the variations of boundary conditions (e.g., inflow of XXB and water level of TGR, etc.), 
the influence ranges in the XXB estuary change, basically incarnated as such: (1) the smaller the 
discharge of XXB, the greater the TGR water level increment, and thus the greater the influence range of 
thermal density flow; (2) the bigger the discharge of XXB, the greater the TGR water level decrement, 
and thus the smaller the influence range. For example, on April 12, as the discharges from the Yangtze 
River inflow, the Xiangxi River and the Gaolan River are quite large, the influence range is smaller 
compared with that on March 11. 
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Fig.4  the counter map of laterally averaged velocity magnitude in XXB with the temperature effect 
(2005/3/11) 
Fig.14 shows the velocity vector graph in the surface layer without the temperature effect; flows of the 
Yangtze River generally cannot enter into the XXB, and a relatively steady circumfluence is formed near 
the Xiangxi River estuary (about 1 km from the mouth). However, field monitoring data show that, within 
a rather long distance from the XXB mouth, the concentrations of nutrients and algae are basically similar 
to the Yangtze River[10]. It is concluded that the temperature factor significantly changed the 
hydrodynamic field, i.e., without the temperature effect the modeling flow has an essential difference 
with the observed stratified flow. The flow rates with the temperature factor are substantially higher than 
that with temperature factor: from the Yangtze River into the XXB, around 0.03 m/s in the surface layer; 
from the XXB into the Yangtze River, around 0.02 m/s in the bottom layer. Generally speaking, the 
substance exchange ability between the XXB and the Yangtze River increases significantly. This study 
reproduces the observed density flow in the XXB estuary, and can interpret the similarity of nutrients and 
algae distributions in the XXB estuary and in the Yangtze River mainstream. 
 
Fig.5  Velocity vector graph in the surface layer of around the Xiangxi River mouth (2005/3/11) 
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Conclusions 
A 3D numerical hydrodynamic model is developed to study the effects of temperature on the interaction 
between the XXB and the Yangtze River. In general, the numerical results of hydrodynamic field indicate 
that, thermal density flow has a decisive influence on hydrodynamic field in the XXB.  
When considering the temperature effect, the computed results compare well with the observations. 
Due to the vertical density difference in spring, a longitudinal circulation is formed in the XXB estuary: 
the flows of Yangtze River enter into Xiangxi Bay in the upper layer, while the flows of Xiangxi Bay 
flow out in the bottom layer. In the meantime, compared with the scenario without the temperature 
influence, the exchange capacity between Yangtze River and Xiangxi Bay improves greatly. 
The influence ranges of the Yangtze River are determined by the boundary conditions, and can reach 
up to 12 km from the mouth. When the discharge of XXB is comparatively small, the influence range of 
thermal density flow increases; however, the flow of XXB estuary becomes slower. On the contrary, 
when the discharge of XXB is comparatively large, the influence range decreases; correspondingly, the 
flow of XXB estuary becomes faster. 
Acknowledgements 
This work is supported by National Science Fund for Distinguished Young Scholars (50925932) and 
National Natural Science Foundation of China (50979050). 
References 
[1] H. Zeng, L. Song, Z. Yu et al., “Distribution of phytoplankton in the Three-Gorge Reservoir during rainy and dry 
seasons,” Science of The Total Environment, vol. 367, no. 2-3, pp. 999-1009, 2006. 
[2] L. Ye, Y. Y. Xu, X. Q. Han et al., “Daily dynamics of nutrients and chlorophyll a during a spring phytoplankton bloom 
in Xiangxi Bay of the Three Gorges Reservoir,” Journal of Freshwater Ecology, vol. 21, no. 2, pp. 315-321, 2006. 
[3] L. Ye, X. Han, Y. Xu et al., “Spatial analysis for spring bloom and nutrient limitation in Xiangxi bay of three Gorges 
Reservoir,” Environmental Monitoring and Assessment, vol. 127, no. 1, pp. 135-145, 2007. 
[4] C.-Y. Fu, T. Fang, and N. Deng, “The research of phosphorus of Xiangxi River nearby the Three Gorges, China,” 
Environmental Geology, vol. 49, no. 6, pp. 923-928, 2006. 
[5] Z. Yang, D. Liu, D. Ji et al., “Influence of the impounding process of the Three Gorges Reservoir up to water level 172.5 
m on water eutrophication in the Xiangxi Bay,” SCIENCE CHINA Technological Sciences, vol. 40, no. 4, pp. 1114-1125, 2010. 
[6] J. Roelvink, and G. Van Banning, "Design and development of DELFT3D and application to coastal morphodynamics." 
pp. 451-455. 
[7] G. L. Mellor, and T. Yamada, “Development of a turbulence closure model for geophysical fluid problems,” Reviews of 
geophysics and space physics, vol. 20, no. 4, pp. 851-875, 1982. 
[8] M. Murakami, Y. Oonishi, and H. Kunishi, “A numerical simulation of the distribution of water temperature and salinity in 
the Seto Inland Sea,” Journal of Oceanography, vol. 41, no. 4, pp. 213-224, 1985. 
[9] G. Birkhoff, R. Varga, and D. Young, “Alternating direction implicit methods,” Advances in computers, vol. 3, pp. 189-273, 
1962. 
[10] L. Ye, X. Q. Han, Y. Y. Xu et al., “Spatial analysis for spring bloom and nutrient limitation in Xiangxi bay of 
threeGorges Reservoir,” Environmental Monitoring and Assessment, vol. 127, no. 1-3, pp. 135-145, 2007. 
 
